Abstract A reverse approach to designing as-built transformers is presented in this paper. The physical characteristics and dimensions of the windings and core are the specifications. By manipulating the amount and type of material actually to be used in the construction of the transformer, its performance can be determined. Such an approach is essentially the opposite of the conventional transformer design method. The method is applied to two sample high voltage transformers. The measured performance of the transformers verifies the usefulness of using this reverse design approach.
From a manufacturer's perspective it is convenient to design and produce a set range of transformer sizes. Usually, the terminal voltages, VA rating and frequency are specified. These specifications determine the materials to be used and their dimensions. This approach to transformer design has been utilised and presented in detail in standard textbooks. 1, 2 It has been used as a design tool for teaching undergraduate power system courses at universities. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] In addition, it has been used extensively in designing transformers for switched mode power supplies. [13] [14] [15] [16] [17] Finite Element Analysis has also been applied, concurrent with the above approach, to aid the overall design process. [18] [19] [20] [21] [22] However, by designing to rated specifications, consideration is not explicitly given to what materials and sizes are actually available. Core and winding material suppliers offer catalogues of preferred sizes, particularly so for smaller rating devices. This reflects the supplier's manufacturing capabilities in extrusion, rolling and forming tools and equipment. It is not economic to offer customers any size and shape they require. It is possible that an engineer, having designed a transformer, may then find the material sizes do not exist. The engineer may then be forced to use available materials and consequently the performance of the actual transformer that is built is likely to be significantly different from that of the design calculations. Due to the inexactness of estimating actual winding dimensions, the leakage reactance in particular may be miscalculated. The leakage reactance is a dominant parameter in power system studies involving transformers.
A reverse design approach is presented in this paper, whereby the physical characteristics and dimensions of the windings and core are the specifications. By manipulating the amount and type of material actually to be used in the construction of the transformer, its performance can be determined. Such an approach lends itself to designing transformers using what is available from suppliers. This is essentially the opposite of the conventional transformer design method. It allows for customized design, as there is considerable flexibility in meeting the performance required for a particular application. This can allow matched rated, cost-effective solutions to power supply requirements, as against the traditional practice of over-rating the transformer component of a power supply because of batch construction and fixedsize transformer ratings.
Reverse transformer design
Consideration is given to the layout of the core and windings of a two-winding transformer, as depicted in Fig. 1 . The laminated core occupies the central space. The windings are wrapped around the core, with the LV winding inside the high voltage winding. Insulation is allowed for between the core and windings, between windings, around winding wire and in between each layer of winding if required. No explicit account of the insulation, which determines the capacitance, is usually made in the performance calculations for fundamental frequency transformers. However, insulation thickness does affect spatial displacements and hence is accounted for in calculating equivalent circuit parameters.
The yokes and limbs of the core are additional to this. They depend on whether the transformer is a 'core' or 'shell' type 23 and have dimensions determined by the boundaries of the windings and cross-section of the core. Usually, for smaller transformers, the core laminations come in discrete sizes. For shell-type cores they may be fabricated to eliminate waste from stamping from rolled strip. Such 'scrapless' EI cores 24 have specific ratios for their window dimensions and magnetic path sizes. For larger transformers it may be economic to select set sizes which minimize lamination material wastage through stepped circular cores.
A transformer profile showing known material characteristics and dimensions is depicted in Fig. 2 . The winding and core material resistivities and permeabilities are specifications. The core cross-section dimensions (diameter for a circular core and side lengths for a rectangular core) are selected from catalogues of available mate- rials. A core length is chosen. Laminations that are available can be specified in thickness and a space factor estimated from the ratio of iron to total volume. Other factors such as material density and cost per unit weight assist in material ordering when totals are known. For each winding, the wire size can be selected, again from catalogues. They also specify insulation thickness. The designer can then specify how many layers of each winding are wound. Insulation space between layers allows for high voltage applications. Again, material density and cost per unit weight assist in material ordering when totals are known.
The only rating requirements are the primary voltage and frequency, f. The secondary voltage and transformer VA rating are a consequence of the construction of the transformer.
With reference to Fig. 2 , the number of turns on the windings is estimated to be:
where L 1 = number of primary winding layers L 2 = number of secondary winding layers l c = length of the core t 1 ,t 2 = thickness of primary and secondary winding wires, respectively. This includes the wire insulation.
Having obtained the dimensions of the transformer windings and core, and the material characteristics being known, the components of a transformer equivalent circuit can be calculated. The equivalent circuit shown in Fig. 3 is often used for supply frequencies. 25 Calculations can be divided into three parts:
• Resistance models • Inductive reactance models • Size, weights, costs and performance 
Resistance models
The resistance models depict the core loss resistance (R c ) and the primary (R 1 ) and secondary (R 2 ) winding resistances.
Core loss resistance
The losses in the core consist of two major components; the hysteresis loss and the eddy current loss. The hysteresis loss can be calculated using 25 (3) where k h = a constant (material dependent) x = Steinmetz factor [this has a value between 1.8 and 2.5].
This calculation requires an estimate of the magnetic flux density which can be obtained from the 'transformer equation' as 25 (4) where
The value of B can be checked against an optimal value for the core material. The eddy current loss is expressed as 26 (5) where c l = lamination thickness r c = operating resistivity of the core A c = cross-sectional area of the core e 1 = induced primary winding voltage
The variation of resistivity with temperature of all materials should be accounted for, since the transformer will be heated up under operation. The operating resistivity at temperature T°C is (6) where Dr = thermal resistivity coefficient r 20°C = material resistivity at 20°C
The hysteresis and eddy current losses can be expressed in terms of the induced voltage e 1 as .
where R h = hysteresis loss equivalent resistance R ec = eddy current loss equivalent resistance Thus, as shown in Fig. 4 , both R h and R ec can be included in the model as the core loss resistance R c . R c is expressed as
Primary winding resistance The primary winding resistance is (10) where r 1 = resistivity of the primary winding wire l 1 = effective length of the wire A 1 = cross-sectional area of the wire
The effective length of the primary winding wire is estimated by calculating the length of wire on each layer of the winding, and then summing over all layers, taking into account the increasing diameter of each layer wound around the previous one.
Secondary winding resistance
The secondary winding resistance is 
where r 2 = resistivity of the secondary winding wire l 2 = effective length of the wire A 2 = cross-sectional area of the wire
As for the primary winding, the effective length of the secondary winding wire is calculated by approximating the length of the wire on each layer of the secondary winding, and then summing over all layers.
Inductive reactance models
The inductive reactance models contain the magnetising reactance (X m ), and the primary (X 1 ) and secondary (X 2 ) leakage reactances.
Magnetising reactance
The magnetising reactance is 27 (12) where m o = permeability of free space = 4p ¥ 10 -7 Hm -1 m rc = relative permeability of core w = 2pf
Primary and secondary leakage reactances The primary and secondary leakage reactances are assumed to be the same and are each half of the total transformer leakage reactance.
27-29 (13) where t 12 = winding thickness factor Fig. 2 ) d¢ =
Weights, costs and performance
The weight of each of the core, primary winding and secondary winding is calculated using (14) where g = material density u = volume of the material used The total weight of the transformer is then the sum of the weights of all the parts. No allowance is made for the insulation as this is generally a minor component. Next, the cost of each of the parts is calculated: (15) where C wgt = material cost per weight
The total cost can be obtained by summing the costs of all the individual parts. The performance of the transformer under open circuit, short circuit and loaded conditions can be estimated by putting an impedance Z L = R L + jX L across the output and varying its value. From this information, the secondary voltage and VA rating of the transformer is directly derived. Further, performance measures of voltage regulation and power transfer efficiency for any load condition can be readily calculated. Finally, the current flows and densities in the windings can be calculated and compared with desired levels to check that the wires selected can withstand the rated current densities. These are a result of the design rather than being initial design specifications.
With this reverse approach to transformer design, if the calculated performance is not what is required, material dimensions can be altered to change the performance. With experience, a few iterations are all that is required before an acceptable solution can be found.
An as-built transformer based on the design will give a different measured performance because of magnetic material non-linearity, minor construction differences, material characteristic variations, and because the equivalent circuit does not exactly model real processes. In the development of new devices, information gained on the performance of the first as-built device can be used to improve the design of the next device built.
Design data for sample transformers
To illustrate the reverse approach to transformer design, two single-phase, 50 Hz, high-voltage transformers have been designed, built and tested. Their nominal ratings are listed in Table 1 . Using the reverse design approach, only the frequency and nominal primary voltage are entered as rated data. The secondary voltage and VA rating are a consequence of the design.
Transformer #1 was designed for the power supply of an electric, water purifica-
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International Journal of Electrical Engineering Education 39/1 tion device. 30 Transformer #2 was a model, designed to evaluate the harmonic performance of capacitive voltage transformers. Both transformers were for special applications and not procurable directly from a manufacturer. Further, in both cases, size, weight and cost were premium requirements and influenced the design.
Standard physical values of material permeabilities, resistivities and thermal resistivity coefficients were also entered as data, for the two different steel cores used, and the copper windings, as shown in Table 2 . However, the relative permeability values for steels do depend on the metallurgical processes that are used in their manufacture and may not be readily available in practice. They may have to be measured. A core stacking factor of 0.95 was estimated for both transformers.
The dimensions of the various components entered as data are shown in Table 3 . Here the final values used to build the transformer are listed. 
Calculated and measured performances
The equivalent circuit parameters, referred to the primary, calculated for the transformers using the reverse design method, are presented in Table 4 . The measured values, as determined by open circuit and short circuit tests, are also shown. These show that the reverse design method, with its particular accounting of actual dimensions, accurately models the equivalent circuit parameters. The notable exception is with the leakage reactance. This is due to the as-built transformers having slightly different winding spacial arrangements from the design model.
A resistance was placed across the secondary of Transformer #1 to give rated load conditions at unity power factor. On the other hand, since Transformer #2 was designed for capacitive loads, an open circuit condition was used to compare calculated and measured values. All the results are given in Table 5 .
The values listed in Table 5 show that the reverse design method gives performance results which are useful in predicting actual performance of as-built transformers. The difference in regulation reflects the difference in the calculated and measured values of the leakage reactance. The zero efficiency entered for Transformer #2 is a matter of definition for this transformer feeding a purely capacitive load where no real power is transferred to the load. A greater than zero efficiency will be recorded when the transformer feeds resistive loads. 
Conclusions
Conventional transformer design starts from a consideration of required frequency, voltage and VA ratings. It estimates a number of factors for the core and winding arrangement, using values that are generally only known to experienced design engineers. They reflect the 'art' of transformer manufacture. Core and winding material characteristics are known from standard values or physical measurements. The resultant design may not match what is actually available in materials and hence the predicted performance can be in error.
The alternative presented in this paper is to reverse the design procedure. The dimensions of core and winding materials are entered based on what is available. The overall size, ratings and performance of the transformer can then be predicted.
Sample high voltage transformers have been designed, built and tested. The results show the usefulness of the reverse design approach. Such a design philosophy allows for the exploration in the design of transformers with alternative construction options, where flexibility in shape and size is required.
